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Abstract – Computer simulations have been used to study the
conditions required for the development of EADs in the
ventricular myocardium, and their propagation to regions with
acute myocardial ischemia, thus causing ectopic activity. A
modified version of the Ludo-Rudy phase II model of the
cardiac ventricular action potential was used, with the
formulation of the ATP-sensitive K+ current by Ferrero et al.
being adopted. The structure of ventricular cells is considered
to consist on: an EAD zone, induced by increasing ICa currents
and by decreasing Ik currents; a border zone which separates
the EAD zone from the ischemic zone; another border zone,
similar to the previous one, which separates the ischemic zone
from the last zone (normal cells). The different characteristics
of the border zone influencing the development of ectopic
activity (e.g. size of the border zone, [K+]o values, etc) are also
studied. The results show that ectopic activity depends both on
EAD conditions and on the parameters of the border and
ischemic zones. In larger border zones (20 cells), ectopic
activity only occurs under high EAD conditions (a 100%
increase in ICa and a 60% decrease in Ik). If the border zone is
half as large (10 cells) ectopic activity can occur with an 80%
increase in ICa, and in ischemic zones even with lower [K+]o

values. This work shows that in a myocardial region with acute
ischemia the ectopic activity can be induced by the
development of EADs in a nearby zone and can propagate to
normal zones.

I. INTRODUCTION

Early afterdepolarizations (EADs) are membrane potential
depolarizations that occur in phase II or phase III of the
repolarization process and that are favoured by low
stimulation frequencies [1]. EADs can cause delay in
repolarization or generate a secondary depolarization of the
membrane potential, which may result in induced action
potential (AP). EAD development is generally associated
with a critical extension of the AP repolarization phase due
to the decrease of the outward net currents. Such decrease in
the repolarizing current can be provoked by increasing one
or more inward currents, by decreasing one or more outward
currents, or by the combination of both [2]. Different
mechanism can lead to the generation of EADs; such as the
decrease of the K currents or the increase of the Ca currents.
Other mechanisms are the injection of the depolarization
current and hypokalemia. In multicellular preparations,
EADs can be developed by the electrotonic interaction
between cellular zones with different action potential
duration [3].
On the other hand, acute ischemia causes important changes
in the electrical activity of cardiac tissue.  Ischemia causes
the reduction of the membrane resting potential, of the
action potential duration (APD) and of the conduction
velocity, in addition to other electrophysiological effects [4].

These changes are responsible for the arrhythmias caused
during acute ischemia. The effects of ischemia after
coronary artery occlusion are not homogeneous in space.
When ischemia develops, the cells directly affected by the
lack of blood flow lose K+ and the ATP-sensitive K current
is somehow activated, generating an ischemic central zone
(CZ). While the cells far from the CZ (normal zone or NZ)
keep their electrophysiological properties normal, between
NZ and CZ a border zone (BZ) appears, in which [K+]o

gradients occur. In addition, within BZ and close to NZ a
metabolical border zone (MBZ) appears in which pO2

gradients are present; this causes a gradual activation of the
IK(ATP) in a small area. This situation generates spatial
differences in the configuration of the action potential
affecting the APD which favours the generation and
propagation of EAD induced ectopic APs.

In this work, we have used computer simulations to study
the electrophysiological behaviour of a regionally ischemic
tissue with an adjacent EAD-developing zone, and the
conditions under which the EADs generated in the latter are
able to induce ectopic beats which result in reentry.

II. METHODOLOGY

A modified version of phase II Luo-Rudy model of the
cardiac action potential was used to represent the electrical
activity of the cardiac cells [5-6]. IK(ATP) currents, as
formulated by Ferrero et al,  was included in the basic Luo-
Rudy model in order to simulate Hypoxia in the BZ and CZ
[7]. The final model represents the basic features of AP and
the electrical currents through the sarcolemma with a great
degree of electrophysiological detail.

The simulation was carried out with a sample of five one-
dimensional segments of myocardial cells. Each cell was
100µm long and was electrically connected to each other by
gap-junctional resistances of 2 Ωcm2. Electrical resistivity
of the intracellular space was also kept within its normal
range (200Ωcm).

The first segment consists of 100 cells (#0 to #99); EADs
were induced by increasing ICa values within a range
between 60 to 100% and by decreasing IK values within a
range of about 20 to 60%.

The second segment is the BZ; it consisted on a variable
number of cells (#100 to 99+x), where x is a variable that
defines the length of the BZ. In this zone, [K+]o  increased
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from its normal value (5.4mM) to ischemic values in the
range of 10.5mM to 13.5mM (the effect of this parameter
was also studied in this paper). A metabolical border zone
1mm in length was situated within the electrophysiological
BZ adjacent to the normal zone. In this space, formed by
only 10 cells (#100 to #109), intracellular [ATP]i and
[ADP]i values were decreased and increased, respectively,
from their normal to their ischemic values.

The third segment corresponds to the ischemic central zone
(CZ) and was made up of 100 cells (#100+x to #199+x); it
was simulated with the following concentrations: [K+]o  =
10.5 mM to 13.5 mM (this value is variable); [ATP]i =
4.6mM; and [ADP]i = 100µM.

The fourth segment is another BZ similar to the zone
mentioned in the second segment; it separates the ischemic
zone from the normal zone (NZ). In this zone, the MBZ was
situated within the BZ, adjacent to the NZ. The number of
cells was x (#200+x to #199+2x). Its MBZ also consisted of
10 cells (#190+2x to #199+2x).

The fifth and last of the segments represents normal tissue
and comprised 100 cells (#200+2x to #299+2x). The ionic
and metabolical concentrations were kept constant and
within their normal ranges  ([K+]o =5.4mM, [ATP]i = 109

mM y [ADP]i = 0µM).

 Figure 1 represents the spatial distribution of  [K+]o , [ATP]i
and  [ADP]i, described above.

In order to reach the steady-state conditions of the ionic
concentrations and of all time/stress-dependent variables
normal physiological conditions were fixed for the first
segment of the model and a frequency of  0.5Hz (10 pulses)
was simulated during 20'' for each combination of the x (BZ
size) and [K+]o  values analysed. Then ICa and IK values were
modified, and one only pulse 1ms in duration and an
amplitude 1.2 times the diastolic triggering threshold value
was applied; subsequently, the action potential was

recorded.

The cable equation was solved using a central difference
scheme in space and the Crank-Nicholson method in time
with a space interval of  ∆x=100µm. The modified Euler
method with a time increment of ∆x=8µs was used to solve
the non-linear system of differential equations which
describe ionic current kinetics. Von Neumann's boundary
conditions were employed. The model was programmed in
C++ language and implemented in a Convex SPP 1000/XA
Exemplar workstation.

III. RESULTS AND  DISCUSION

In all the simulations, stimuli were applied to cell #0. Once
the steady state was reached (simulation for 20 seconds at a
frequency of 0.5Hz), ICa and IK values were modified in the
first segment in order to simulate EAD conditions, and the
segment was stimulated with only one pulse under EAD
conditions.

Figure 2 shows the action potentials elicited when the last
stimulation pulse was applied to the segment under EAD
conditions (cells #0 to #99) for different characteristics of
the border zones, such as different lengths (x) and different
final [K+]o  values. In the figure the EADs were induced by
increasing ICa in about 100% and by decreasing IK in about
60%.

For the case of 30 cells in the border zones (x=30), the
EADs that occurred in the first segment did not induce
ectopic activity in the ischemic zone nor in the normal zone
for any of the [K+]o  values analysed.

For x=20 the ectopic activity was induced in the ischemic
zone as well as in the normal zone only when [K+]o  =
13.5mM. In the other cases studied ([K+]o = 12mM and
[K+]o = 10.5mM), action potential propagated in the first
segment (EADs) but ectopic activity was not elicited in the
other segments.
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For x=10 the ectopic activity was induced for all the [K+]o

values analysed ([K+]o  = 13.5mM, [K+]o  = 12 mM and
[K+]o = 10.5mM), and under the EAD conditions described
above (100% increase in ICa and 60% decrease in IK).
Ectopic activity was also elicited under other EAD
conditions (80% increase in ICa and 60% decrease in IK) in
similar border zones (x=10)

It was also observed that when etopic activity is present,
APD values in cell #0 are higher than when no etopic
activity occurs; the APD value is about 250 ms higher in the
first case than in the second, in the specimens analysed.
Coupling interval (CI) was measured in cells #149 and #249
in the cases in which a second ectopic beat occurs, obtaining
values of about 350 ms in both cases. CI was related to APD
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and in most cases, the higher the APD the higher the IC.

The results show that the electronic interactions between a
zone of ventricular tissue where EADs have been induced
and an ischemic zone may cause the propagation of EADs
as ectopic beats. In previous work the influence of electrical
coupling on the propagation of EAD as ectopic activity in
ventricular tissue has been suggested [8].  For a border zone
length of 20 cells ectopic beats only occur under acute
ischemic conditions ([K+]o  = 13.5mM). In smaller border
zones, ischemia conditions can be less depressed (shorter
response time between the appearance of the ischemic
episode and the moment analysed).

IV. CONCLUSION

Our results suggest that when a zone of ventricular
myocardium where EAD’s can be elicited is coupled to a
normal tissue through an inhomogeneous ischemic zone,
EAD’s can be propagated to normal ventriculum as ectopic
activity. The results also shows the influence of the size of
the border zone and the extracellular potassium
concentration on the ectopic beat generation.

ACKNOWLEDGEMENT

We would like to thank the Foreign Language Co-ordination
Office at the Polytechnic University of Valencia for their
help in translating this paper.

REFERENCES

[1] Cranefield, P. F., and R. S. Aroson. “Cardiac
arrhythmias: the role of triggered activity and other
mechanims”. New York: Futura, 1988.

[2] El-Sherif, N. “Early afterdepolarizations and
arrhythmogenesis. Experimental and clinical aspects”.
Arch. Mal, Coeur 84:227-234, 1991.

[3] Kumar, R., and R. W. Joyner. “An experimental model
of the production of early after depolarizations by injury
current from an ischemic region”. Pflügers Arch.
428:425-432, 1994.

[4] A.L. Wit, M.J. Janse, editors. “The Ventricular
Arrhythmias        of      Ischemia     and        Infarction:
Electrophysiological Mechanisms". Mount Kisko:
Futura Pub. Co., 1993.

[5] Luo CH, Rudy Y. “A dynamic model of the cardiac
ventricular action potencial. I. Simulations of ionic
currents and concentration changes”. Circ Res., 1994;
74:1071-96.

[6] Zeng J et al. “Two components of the delayed rectifier
K+ current in ventricular myocytes of the guinea pig
type. Theoretical formulation and their role in
repolarization”. Circ Res, 1995;77:140-52.

[7] Ferrero (Jr) JM et al. “Simulation of action potentials
from metabolically impaired cardiac myocytes. Role of
the ATP-sensitive K+ current”. Circ Res 1996; 79:208-
21.

[8] Saiz J et al. “Influence of Electrical Coupling on Early
Afterdepolarizations in Ventricular Myocites”. IEEE
Transactions on Biomedical Engineering 1999; 46: 138-
47.


	Main Menu
	-------------------------
	Welcome Letter
	Chairman Address
	Keynote Lecture
	Plenary Talks
	Mini Symposia
	Workshops
	Theme Index
	1.Cardiovascular Systems and Engineering 
	1.1.Cardiac Electrophysiology and Mechanics 
	1.1.1 Cardiac Cellular Electrophysiology
	1.1.2 Cardiac Electrophysiology 
	1.1.3 Electrical Interactions Between Purkinje and Ventricular Cells 
	1.1.4 Arrhythmogenesis and Spiral Waves 

	1.2. Cardiac and Vascular Biomechanics 
	1.2.1 Blood Flow and Material Interactions 
	1.2.2.Cardiac Mechanics 
	1.2.3 Vascular Flow 
	1.2.4 Cardiac Mechanics/Cardiovascular Systems 
	1.2.5 Hemodynamics and Vascular Mechanics 
	1.2.6 Hemodynamic Modeling and Measurement Techniques 
	1.2.7 Modeling of Cerebrovascular Dynamics 
	1.2.8 Cerebrovascular Dynamics 

	1.3 Cardiac Activation 
	1.3.1 Optical Potential Mapping in the Heart 
	1.3.2 Mapping and Arrhythmias  
	1.3.3 Propagation of Electrical Activity in Cardiac Tissue 
	1.3.4 Forward-Inverse Problems in ECG and MCG 
	1.3.5 Electrocardiology 
	1.3.6 Electrophysiology and Ablation 

	1.4 Pulmonary System Analysis and Critical Care Medicine 
	1.4.1 Cardiopulmonary Modeling 
	1.4.2 Pulmonary and Cardiovascular Clinical Systems 
	1.4.3 Mechanical Circulatory Support 
	1.4.4 Cardiopulmonary Bypass/Extracorporeal Circulation 

	1.5 Modeling and Control of Cardiovascular and Pulmonary Systems 
	1.5.1 Heart Rate Variability I: Modeling and Clinical Aspects 
	1.5.2 Heart Rate Variability II: Nonlinear processing 
	1.5.3 Neural Control of the Cardiovascular System II 
	1.5.4 Heart Rate Variability 
	1.5.5 Neural Control of the Cardiovascular System I 


	2. Neural Systems and Engineering 
	2.1 Neural Imaging and Sensing  
	2.1.1 Brain Imaging 
	2.1.2 EEG/MEG processing

	2.2 Neural Computation: Artificial and Biological 
	2.2.1 Neural Computational Modeling Closely Based on Anatomy and Physiology 
	2.2.2 Neural Computation 

	2.3 Neural Interfacing 
	2.3.1 Neural Recording 
	2.3.2 Cultured neurons: activity patterns, adhesion & survival 
	2.3.3 Neuro-technology 

	2.4 Neural Systems: Analysis and Control 
	2.4.1 Neural Mechanisms of Visual Selection 
	2.4.2 Models of Dynamic Neural Systems 
	2.4.3 Sensory Motor Mapping 
	2.4.4 Sensory Motor Control Systems 

	2.5 Neuro-electromagnetism 
	2.5.1 Magnetic Stimulation 
	2.5.2 Neural Signals Source Localization 

	2.6 Clinical Neural Engineering 
	2.6.1 Detection and mechanisms of epileptic activity 
	2.6.2 Diagnostic Tools 

	2.7 Neuro-electrophysiology 
	2.7.1 Neural Source Mapping 
	2.7.2 Neuro-Electrophysiology 
	2.7.3 Brain Mapping 


	3. Neuromuscular Systems and Rehabilitation Engineering 
	3.1 EMG 
	3.1.1 EMG modeling 
	3.1.2 Estimation of Muscle Fiber Conduction velocity 
	3.1.3 Clinical Applications of EMG 
	3.1.4 Analysis and Interpretation of EMG 

	3. 2 Posture and Gait 
	3.2.1 Posture and Gait

	3.3.Central Control of Movement 
	3.3.1 Central Control of movement 

	3.4 Peripheral Neuromuscular Mechanisms 
	3.4.1 Peripheral Neuromuscular Mechanisms II
	3.4.2 Peripheral Neuromuscular Mechanisms I 

	3.5 Functional Electrical Stimulation 
	3.5.1 Functional Electrical Stimulation 

	3.6 Assistive Devices, Implants, and Prosthetics 
	3.6.1 Assistive Devices, Implants and Prosthetics  

	3.7 Sensory Rehabilitation 
	3.7.1 Sensory Systems and Rehabilitation:Hearing & Speech 
	3.7.2 Sensory Systems and Rehabilitation  

	3.8 Orthopedic Biomechanics 
	3.8.1 Orthopedic Biomechanics 


	4. Biomedical Signal and System Analysis 
	4.1 Nonlinear Dynamical Analysis of Biosignals: Fractal and Chaos 
	4.1.1 Nonlinear Dynamical Analysis of Biosignals I 
	4.1.2 Nonlinear Dynamical Analysis of Biosignals II 

	4.2 Intelligent Analysis of Biosignals 
	4.2.1 Neural Networks and Adaptive Systems in Biosignal Analysis 
	4.2.2 Fuzzy and Knowledge-Based Systems in Biosignal Analysis 
	4.2.3 Intelligent Systems in Speech Analysis 
	4.2.4 Knowledge-Based and Neural Network Approaches to Biosignal Analysis 
	4.2.5 Neural Network Approaches to Biosignal Analysis 
	4.2.6 Hybrid Systems in Biosignal Analysis 
	4.2.7 Intelligent Systems in ECG Analysis 
	4.2.8 Intelligent Systems in EEG Analysis 

	4.3 Analysis of Nonstationary Biosignals 
	4.3.1 Analysis of Nonstationary Biosignals:EEG Applications II 
	4.3.2 Analysis of Nonstationary Biosignals:EEG Applications I
	4.3.3 Analysis of Nonstationary Biosignals:ECG-EMG Applications I 
	4.3.4 Analysis of Nonstationary Biosignals:Acoustics Applications I 
	4.3.5 Analysis of Nonstationary Biosignals:ECG-EMG Applications II 
	4.3.6 Analysis of Nonstationary Biosignals:Acoustics Applications II 

	4.4 Statistical Analysis of Biosignals 
	4.4.1 Statistical Parameter Estimation and Information Measures of Biosignals 
	4.4.2 Detection and Classification Algorithms of Biosignals I 
	4.4.3 Special Session: Component Analysis in Biosignals 
	4.4.4 Detection and Classification Algorithms of Biosignals II 

	4.5 Mathematical Modeling of Biosignals and Biosystems 
	4.5.1 Physiological Models 
	4.5.2 Evoked Potential Signal Analysis 
	4.5.3 Auditory System Modelling 
	4.5.4 Cardiovascular Signal Analysis 

	4.6 Other Methods for Biosignal Analysis 
	4.6.1 Other Methods for Biosignal Analysis 


	5. Medical and Cellular Imaging and Systems 
	5.1 Nuclear Medicine and Imaging 
	5.1.1 Image Reconstruction and Processing 
	5.1.2 Magnetic Resonance Imaging 
	5.1.3 Imaging Systems and Applications 

	5.2 Image Compression, Fusion, and Registration 
	5.2.1 Imaging Compression 
	5.2.2 Image Filtering and Enhancement 
	5.2.3 Imaging Registration 

	5.3 Image Guided Surgery 
	5.3.1 Image-Guided Surgery 

	5.4 Image Segmentation/Quantitative Analysis 
	5.4.1 Image Analysis and Processing I 
	5.4.2 Image Segmentation 
	5.4.3 Image Analysis and Processing II 

	5.5 Infrared Imaging 
	5.5.1 Clinical Applications of IR Imaging I 
	5.5.2 Clinical Applications of IR Imaging II 
	5.5.3 IR Imaging Techniques 


	6. Molecular, Cellular and Tissue Engineering 
	6.1 Molecular and Genomic Engineering 
	6.1.1 Genomic Engineering: 1 
	6.1.2 Genomic Engineering II 

	6.2 Cell Engineering and Mechanics 
	6.2.1 Cell Engineering

	6.3 Tissue Engineering 
	6.3.1 Tissue Engineering 

	6.4. Biomaterials 
	6.4.1 Biomaterials 


	7. Biomedical Sensors and Instrumentation 
	7.1 Biomedical Sensors 
	7.1.1 Optical Biomedical Sensors 
	7.1.2 Algorithms for Biomedical Sensors 
	7.1.3 Electro-physiological Sensors 
	7.1.4 General Biomedical Sensors 
	7.1.5 Advances in Biomedical Sensors 

	7.2 Biomedical Actuators 
	7.2.1 Biomedical Actuators 

	7.3 Biomedical Instrumentation 
	7.3.1 Biomedical Instrumentation 
	7.3.2 Non-Invasive Medical Instrumentation I 
	7.3.3 Non-Invasive Medical Instrumentation II 

	7.4 Data Acquisition and Measurement 
	7.4.1 Physiological Data Acquisition 
	7.4.2 Physiological Data Acquisition Using Imaging Technology 
	7.4.3 ECG & Cardiovascular Data Acquisition 
	7.4.4 Bioimpedance 

	7.5 Nano Technology 
	7.5.1 Nanotechnology 

	7.6 Robotics and Mechatronics 
	7.6.1 Robotics and Mechatronics 


	8. Biomedical Information Engineering 
	8.1 Telemedicine and Telehealth System 
	8.1.1 Telemedicine Systems and Telecardiology 
	8.1.2 Mobile Health Systems 
	8.1.3 Medical Data Compression and Authentication 
	8.1.4 Telehealth and Homecare 
	8.1.5 Telehealth and WAP-based Systems 
	8.1.6 Telemedicine and Telehealth 

	8.2 Information Systems 
	8.2.1 Information Systems I
	8.2.2 Information Systems II 

	8.3 Virtual and Augmented Reality 
	8.3.1 Virtual and Augmented Reality I 
	8.3.2 Virtual and Augmented Reality II 

	8.4 Knowledge Based Systems 
	8.4.1 Knowledge Based Systems I 
	8.4.2 Knowledge Based Systems II 


	9. Health Care Technology and Biomedical Education 
	9.1 Emerging Technologies for Health Care Delivery 
	9.1.1 Emerging Technologies for Health Care Delivery 

	9.2 Clinical Engineering 
	9.2.1 Technology in Clinical Engineering 

	9.3 Critical Care and Intelligent Monitoring Systems 
	9.3.1 Critical Care and Intelligent Monitoring Systems 

	9.4 Ethics, Standardization and Safety 
	9.4.1 Ethics, Standardization and Safety 

	9.5 Internet Learning and Distance Learning 
	9.5.1 Technology in Biomedical Engineering Education and Training 
	9.5.2 Computer Tools Developed by Integrating Research and Education 


	10. Symposia and Plenaries 
	10.1 Opening Ceremonies 
	10.1.1 Keynote Lecture 

	10.2 Plenary Lectures 
	10.2.1 Molecular Imaging with Optical, Magnetic Resonance, and 
	10.2.2 Microbioengineering: Microbe Capture and Detection 
	10.2.3 Advanced distributed learning, Broadband Internet, and Medical Education 
	10.2.4 Cardiac and Arterial Contribution to Blood Pressure 
	10.2.5 Hepatic Tissue Engineering 
	10.2.6 High Throughput Challenges in Molecular Cell Biology: The CELL MAP

	10.3 Minisymposia 
	10.3.1 Modeling as a Tool in Neuromuscular and Rehabilitation 
	10.3.2 Nanotechnology in Biomedicine 
	10.3.3 Functional Imaging 
	10.3.4 Neural Network Dynamics 
	10.3.5 Bioinformatics 
	10.3.6 Promises and Pitfalls of Biosignal Analysis: Seizure Prediction and Management 



	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	Ö
	P
	Q
	R
	S
	T
	U
	Ü
	V
	W
	X
	Y
	Z

	Keyword Index
	-
	¦ 
	1
	2
	3
	4
	9
	A
	B
	C
	D
	E
	F
	G
	H
	I
	i
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Committees
	Sponsors
	CD-Rom Help
	-------------------------
	Return
	Previous Page
	Next Page
	Previous View
	Next View
	Print
	-------------------------
	Query
	Query Results
	-------------------------
	Exit CD-Rom


